A recently described peptide hormone, endothelin, is a potent vasoconstrictor, but it is unclear whether endothelin has other biological actions. These experiments extend the range of biological actions of endothelin to stimulation of mitogenesis. Endothelin at low concentrations (0.1-10 nM) induced mitogenesis by quiescent rat glomerular mesangial cells in culture. Mitogenesis induced by endothelin was accompanied by activation of phospholipase C with increased inositol phosphate turnover and increments of intracellular [Ca2"]. Endothelin also activated Na+/H' exchange, causing cytosolic alkalinization, and enhanced transcription of the c-fos protooncogene, additional biochemical signals closely linked to proliferation. In addition to being a vasoconstrictor, endothelin thus also functions as a mitogen, presumably through activation of phospholipase C.
Introduction
Paracrine factors, released by the endothelium, regulate vasoreactivity and metabolism of vascular smooth muscle cells (1) (2) (3) (4) . Eicosanoids, cyclic nucleotides, endothelium-derived relaxing factor, and angiotensin II, for example, are released by endothelial cells and regulate contraction and mitogenesis of vascular smooth muscle (1) (2) (3) (4) . Yanagisawa and co-workers recently purified and sequenced endothelin, a potent vasoconstrictor peptide released by porcine and human endothelial cells (5, 6) . Endothelin-induced vasoconstriction was mediated by Ca2" entry via plasma membrane Ca2+ channels (5) . Because many constrictor peptides activate Ca2+ signaling through phospholipase C and induce mitogenesis (7-9), we tested the hypothesis that endothelin would stimulate cellular proliferation and activate polyphosphoinositide-phosopholipase C signal transduction pathways.
Measurements of [Ca2+]i.
[Ca2+]i was determined with the Ca2+-sensitive dye fura-2 (14) . As reported (10, 1 1), confluent monolayers on plastic coverslips (Aclar; Allied Engineering Plastics, Pottsville, PA) were loaded with 1 MM fura-2 acetoxymethylester (Molecular Probes, Eugene, OR) for 40 min at 37'C in RPMI 1640 and incubated again for 20 min in fura-2-free RPMI to allow for intracellular dye cleavage.
Coverslips were mounted in a quartz cuvette with Krebs-Henseleit Hepes buffer, pH 7.4 ,uCi/ml myo[2-3H(N)] inositol. After incubating with endothelin for the indicated times, the water soluble inositol phosphates were extracted in perchloric acid, neutralized with 1:1 (vol/vol) freon (1,1,2-trichlorotrifluoroethane) and tri-n-octylamine, and separated by HPLC using a previously described ammonium formate (pH adjusted to 3.7 with phosphoric acid) gradient (16) . Equivalent amounts of water soluble material were injected into each column. Also, we confirmed in parallel experiments that [Ca2+]i transients, in response to endothelin, were unaffected by 36 h labeling in inositol-free medium.
Measurements of intracellular pH (pHi). As previously reported for cultured mesangial cells (17) , pHi was determined by dual-wavelength fluorescence excitation of confluent monolayers on plastic coverslips loaded with the pH-sensitive probe, 2',7'-bis(carboxyethyl-5(6))-carboxyfluorescein (BCECF; Molecular Probes) (18) . Monolayers were loaded, after a 24-h incubation in serum-free medium, with 3 gM BCECF pentaacetoxymethyl ester for 30 min at 370C in serum-free RPMI 1640 medium. The cells were then incubated in BCECF-free medium for 20 min at 370C and kept on ice until assayed. Fluorescence measurements were made using a University of Pennsylvania Biomedical Group fluorometer (19) , equipped with an air-driven rotary shutter for alternate 440-and 500-nm excitation wavelengths and emission at 540 nm. Cells were incubated at 37°C under continuous stirring in nominally HCO--free KHH buffered with 20 mM Hepes containing 0.2% fatty acid-free BSA (Calbiochem-Behring Corp.). The ratio 500/440 nm was automatically computed and plotted together with a tracing of either wavelength, and calibration with the K+/H+ ionophore, nigericin (5 Ag/ml), was performed exactly as described ( 17) .
Northern analysis of c-fos expression. Total mesangial cell RNA from four confluent 100-cm dishes was extracted using 4 M guanidinium thiocyanate and purified by ultracentrifugation through a cesium chloride cushion as previously described (20, 21) . The 2.0-kb Eco Rl-Sal 1 fragment of pc-fos (mouse)-3 (American Type Culture Collection 41041) was nick translated using a kit (Bethesda Research Laboratories, Gaithersburg, MD) with [a-32P]deoxycytidine 5'-triphosphate (New England Nuclear, Wilmington, DE) to a specific activity of > 108 cpm/gg DNA. Total cellular RNA (20 Atg) was fractionated on a 1% agarose, 2.2 M formaldehyde denaturing gel and transferred by capillary blotting with 25 mM KP04 (pH 6.5) to Genescreen (New England Nuclear) and the filters were hybridized as previously described (21) . A RNA ladder (Bethesda Research Laboratory) was used for molecular weight markers.
Results and Discussion
When endothelin was added to quiescent (Go) mesangial cells, a smooth muscle-like perivascular cell from the kidney glomerulus (22-24), the mesangial cells reentered GI and progressed to S phase 12-18 h later ( Fig. 1 A) . A similar time course was seen with 2.5% FBS.
[3H]Thymidine uptake in response to endothelin was dose dependent, with a threshold at 0.1 nM, 50% effective concentration (EC50) at 0.9 nM, and maximal stimulation > 10.0 nM (Fig. 1 B) . 10 nM endothelin increased [3H]thymidine uptake 5.8-fold, and the potency of endothelin was similar to 2.5% FBS (Fig. 1 A) We further characterized endothelin-induced mitogenesis by testing cofactor requirements. In mesangial cells made quiescent and reactivated with DME/F12 + 1.0% BSA (i.e., without 0.5% FBS), endothelin was inactive (Fig. 1 B) (Fig. 2 G) and mitogenesis ( Fig. 1) . In concurrent experiments, endothelin stimulated greater inositol phosphate turnover than 0.1 uM arginine va--sopressin (i.e., 42±7 cpm/,ug protein/1 5 min, n = 3), a potent phospholipase C-linked agonist in mesangial cells (25) . The inability to show higher inositol phosphate turnover at the mitogenic threshold of endothelin (0.1 nM) probably reflects the relative insensitivity of inositol phosphate measurements and the high positive cooperativity of intracellular (1,4,5)IP3 _ receptors (29) , which could respond to minute changes in (1 ,4,5) IP3 concentration that are undetectable by ion-exchange chromatography. The presence of( 1 ,4,5)IP3 was confirmed by 120 HPLC 10 and 30 s after the addition of endothelin (Table I) . Levels of (1,4,5)IP3 increased at 10 and 30 s whereas the 100 Q Z (1,3,4)IP3 isomer increased more slowly. Consistent with the ., E slower rate of degradation of (1,3,4)IP3 (30, 31) , levels of this 80 c°isomer exceeded that of (1,4,5)IP3 at 30 s (Table I) 
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The simplest interpretation of these data is that endothelin stimulates the phosphoinositide cascade by activating phos- (Fig. 2) , and the turnover of inositol phos-I three phates (Fig. 2 G) , implicates activation of phospholipase C as a proximal event leading to endothelin-induced proliferation. Alkalinization of pHi, brought about by activation of Na+/H' exchange by growth factors, is thought to be a neces-(3-8 s), ell to the 'edepen- (32) (33) (34) . In mesangial cells loaded with the pH-sensitive probe, BCECF, mitogenic concentrations of endothelin also elevated pHi (Fig. 3 ). Endothelin (10-100 nM) induced a rapid, transient acidification that reversed beyond baseline, resulting in net alkalinization at 5 min that was sustained for at least 15 min. Transient acidification was seen only with 10 and 100 nM endothelin, but dose-dependent alkalinization was always observed > 0.01 nM (Fig. 3 A) . 1 mM amiloride completely inhibited alkalinization but did not affect the initial acidification in response to 0.1 M endothelin (Fig. 3 B) . Alkalinization was similarly prevented by incubating the cells in media in which Na' was isoosmotically replaced by choline (Fig. 3  B) , consistent with stimulation of amiloride-inhibitable Na+/H' exchange. Activation of the Na+/H' exchanger by endothelin was greater than any agonist tested thus far in mesangial cells ( 17) .
We extended our analysis of endothelin-induced mitogenesis by studying c-fos protooncogene expression, which normally precedes cell proliferation (35, 36) . c-fos is the protooncogene homologue of the Finkel-Biskis-Jinkins osteosarcoma virus and encodes a 55-kD nuclear protein (see reference 35).
When endothelin (0.1 uM) was added to mesangial cells in Go, c-fos mRNA increased markedly 30 min after addition and returned to basal levels at 3 h (Fig. 4) . FBS (5%) induced less c-fos expression but followed a similar time course (data not shown). A similar time course for c-fos induction has been observed in quiescent cells stimulated to divide by growth factors and phospholipase C agonists (7, 9, 35, 36 
